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57 ABSTRACT 
A quasiparticle control device including a Josephson 
junction element formed of a pair of superconductors 
joined to each other, with a weak link part intervening 
therebetween, and a third electrode provide on the 
weak link part. The characteristics of the Josephson 
junction of the Josephsonjunction element is controlled 
by injecting quasiparticles to the third electrode. 

12 Claims, 34 Drawing Figures 
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Fig - 4 (A) 
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Fig. 5 (A) 
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1. 

QUASIPARTICLE INJECTION CONTROLTYPE 
SUPERCONDUCTING DEVICE 

This application is a continuation of application Ser. 
No. 281,037, filed Jul. 7, 1981, now abandoned. 

BACKGROUND OF THE INVENTION 

This invention relates to a superconducting device 
which comprises a Josephson junction element and at 
least one third electrode for injection of quasiparticles 
attached to the Josephson junction element and serves 
for the purpose of controlling the current-voltage char 
acteristic of the Josephson junction, the superconduc 
ting critical current, and the Josephson junction volt 
age. 
The tremendous advance achieved in electronic tech 

nology in recent years has made various industrial 
branches specializing in data processing, space telecom 
munication, instrumentation, etc. feel a strong need for 
early realization of ultrahigh-speed switching of signals, 
high-sensitivity low-noise detection and amplification 
of high-frequency signals, and the like. 
The growth of electronic technology has to date been 

promoted by the development of devices comprised 
mainly of semiconductors, particularly transistors. With 
a view to permitting further increase of the speed of 
signal transmission and satisfying the demand for en 
ergy saving, extensive research is now under way 
toward the development of devices which are formed 
mainly of superconductors and adapted to operate 
under extremely low (cryogenic) temperatures. 

In the conventional cryogenic devices of this nature, 
the commonest method adopted for controlling the 
characteristics of the Josephson junction element com 
prises disposing control lines close to the element and 
effecting the required control using the magnetic fields 
generated by the control lines. By this method, how 
ever, the number of layers required for the lines inevita 
bly increases, raising the chance of the devices suffering 
from line breakage, short-circuiting and other failures 
and from degradation of reliability of performance. 
Thus, it has not been easy for the devices to be inte 
grated as desired. 

SUMMARY OF THE INVENTION 

A main object of this invention is to provide a super 
conducting device wherein the current-voltage charac 
teristic of Josephson junction, the superconducting 
critical current, and the Josephson junction voltage can 
be easily controlled. 
Another object of this invention is to provide a super 

conducting device which enjoys high reliability of per 
formance and permits ready formation of integrated 
circuits. 
To accomplish the objects described above according 

to the present invention, there is provided a supercon 
ducting device which is obtained by converting a Jo 
sephson junction element into a device by having at 
least one third electrode for injection of quasiparticles 
joined through the medium of an insulating barrier to at 
least one of the pair of superconductors and the weak 
link part composing the Josephson junction element, so 
that the control of the characteristics of the Josephson 
junction is effected by the injection of quasiparticles 
into the Josephson junction element through the third 
electrode so incorporated. 
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2 
Since this invention accomplishes the required con 

trol of the junction characteristics of the Josephson 
junction element by means of the third electrode incor 
porated as described above, it notably alleviates the 
limits heretofore imposed on the size of the device, 
renders easier the formation of integrated circuits, and 
improves the performance reliability of the device. 
The other objects and characteristics of the present 

invention will become apparent from the further de 
scription of the invention to be given hereinafter with 
reference to the accompanying drawing. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1(A) is a schematic diagram of the first basic 
construction of the quasiparticle injection control type 
superconducting device according to this invention. 
FIG. 1(B) is a schematic diagram of the second basic 

construction of the superconducting device according 
to this invention. 
FIG. 1C) is a schematic diagram of the third basic 

construction of the superconducting device according 
to this invention. 

FIG. 1(D) is a schematic diagram of the fourth basic 
construction of the superconducting device according 
to this invention. 

FIG. 1(E) is a schematic diagram of the fifth basic 
construction of the superconducting device according 
to this invention. 

FIG. 2 is an equivalent circuit diagram of the super 
conducting device according to this invention. 
FIGS. 3(A), 3(B), 3(C), 3(D) and 3(E) are schematic 

structural diagrams of embodiments which are modifi 
cations of the superconducting device of FIG. 1(A). 
FIGS. 4(A), 4(B), 4(C) and 40D) are schematic struc 

tural diagrams of embodiments which are modifications 
of the superconducting device of FIG. 1(B). 
FIGS. 5(A), 5(B), 5(C), 5(D) and 5(E) are schematic 

structural diagrams of embodiments which are modifi 
cations of the superconducting device of FIG. 1(C). 

FIG. 6 is a circuit diagram illustrating one application 
of the device of this invention to a switching circuit. 
FIG. 7 is a graph showing the relation between the 

voltage and the current applied to the injection elec 
trode in the device of this invention applied to the cir 
cuit of FIG. 6. 
FIGS. 8(A) and 8(B) are diagrams showing the rela 

tion between the voltage and the current as observed at 
the Josephson junction in the device of this invention 
applied to the circuit of FIG. 6. 
FIG. 9 is a circuit diagram illustrating one application 

of the device of this invention to an amplifying circuit. 
FIG. 10 is a graph showing the static characteristics 

of the device of this invention for the purpose of ex 
plaining the amplifying circuit of FIG. 9. 
FIGS. 11(A) and 11(B) are time-functional graphs 

showing input and output alternating currents of the 
amplifying circuit of FIG. 9. 

FIG. 12 is a perspective view illustrating the actual 
construction of one embodiment of the device accord 
ing to this invention. 
FIG. 13 is a perspective view illustrating the con 

struction of another embodiment of the device accord 
ing to this invention. 

FIG. 14(A) is a graph showing the results of the static 
characteristics measured in the embodiment shown in 
FIG. 13. 
FIG. 14(B) is a graph showing the relation between 

the quasiparticle injection current and the superconduc 
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ting critical current in the embodiment shown in FIG. 
3. 
FIG. 15(A) is a perspective view illustrating the con 

struction of a further embodiment of the device accord 
ing to this invention. 

FIG. 15(B) is a perspective view illustrating the con 
struction of a still further embodiment of the device 
according to this invention. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

FIG. 1(A) represents the first embodiment of the 
basic construction of the quasiparticle injection control 
type superconducting device according to the present 
invention. It is constructed by attaching a third elec 
trode 4 through the medium of an insulating barrier 5 to 
a weak link part 3 of a known Josephson junction ele 
ment 1 which comprises two superconductors 2 and a 
part 3 for linking the superconductors weakly from the 
standpoint of quantum mechanics. The characteristics 
of the Josephson junction are controlled by the injec 
tion of quasiparticles through the third electrode 4 into 
the weak link part 3. 
The third electrode 4 is formed of a normal metal, a 

superconducting metal, or a semiconductor and the 
insulating barrier 5 is formed of an insulating film. 
Where the third electrode is made of a semiconductor, 
the Schottky barrier of the junction between the weak 
link part and the semiconductor brings about the effect 
of an insulating film, making it possible to omit the 
insulating barrier 5 from the device. To the supercon 
ductors 2 and the third electrode 4, Josephson junction 
terminals 6, 7 and a control terminal 8 are respectively 
connected. 
When the third electrode is connected to the weak 

link part of the Josephson junction element, the device 
as a whole exhibits high sensitivity. 
FIG. 1 (B) represents the second embodiment of the 

basic construction of the superconducting device ac 
cording to the present invention. It is constructed by 
attaching a third electrode 4 for injection of quasiparti 
cles made of a normal metal, a superconducting metal, 
or a semiconductor through the medium of an insulating 
barrier 5 to either of the two superconductors 2 of the 
known Josephson junction element 1 mentioned above. 
Where the third electrode 4 is made of a semiconductor, 
the insulating film may be omitted for the same reason 
as in the first embodiment. The characteristics of the 
Josephson junction are controlled by injecting quasipar 
ticles through the third electrode 4 into the supercon 
ductor to which the electrode is attached. 

This embodiment makes the device easy to manufac 
ture and is applicable to any type of Josephson junction 
element. The closer to the weak link part the third 
electrode is positioned, the higher the sensitivity of the 
device. 
FIG. 1(C) represents the third embodiment of the 

basic construction of the superconducting device ac 
cording to the present invention. It is constructed by 
attaching a third electrode 4 for injection of quasiparti 
cles made of a normal metal, a superconducting metal, 
or a semiconductor through the medium of an insulating 
barrier 5 to both the two superconductors 2 and the 
weak link part 3 of the known Josephson junction ele 
ment 1 mentioned above. Where the third electrode 4 is 
made of a semiconductor, the insulating film may be 
omitted for the same reason as in the first embodiment. 
The characteristics of the Josephson junction are con 
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4 
trolled by injecting quasiparticles through the electrode 
4 to the two superconductors 2 and the weak link part 
3. 
The device according to this embodiment is easy to 

manufacture and excellent in sensitivity. 
FIG. 1(D) represents the fourth embodiment of the 

basic construction of the superconducting device ac 
cording to the present invention. It is constructed by 
attaching a third electrode 4 for injection of quasiparti 
cles made of a normal metal, a superconducting metal, 
or a semiconductor through the medium of an insulating 
barrier 5 to one of the two superconductors 2 and the 
weak link part 3 of the same known Josephson junction 
element 1 as described in the foregoing embodiment. 
Where the third electrode 4 is made of a semiconductor, 
the insulating film may be omitted for the same reason 
as in the first embodiment. The characteristics of the 
Josephsonjunction are controlled by injecting quasipar 
ticles through the third electrode into one of the super 
conductors and the weak link part. 
The device according to this embodiment is easy to 

manufacture and excellent in sensitivity as in the imme 
diately preceeding embodiment. 
FIG. 1(E) represents the fifth embodiment of the 

basic construction of the superconducting device ac 
cording to the present invention. It is constructed by 
attaching a third electrode 4 for injection of quasiparti 
cles made of a normal metal, a superconducting metal, 
or a semiconductor through the medium of an insulating 
barrier 5 to each of the pair of superconductors 2 of the 
same known Josephson junction element 1 as described 
in the foregoing embodiment. Where the third electrode 
4 is made of a semiconductor, the insulating film may be 
omitted for the same reason as in the first embodiment. 
It effects the control of the characteristics of the Jo 
sephson junction by injecting quasiparticles through the 
third electrode to the two superconductors. 
This embodiment is applicable particularly to a Jo 

sephson junction element having the weak link part 
made of an insulator. 
The equivalent circuits of the five embodiments de 

scribed above will be collectively indicated by the syn 
bols shown in FIG. 2. 

In the aforementioned embodiments, any supercon 
ductor which can constitute the Josephson junction 
element may be used. When Nb, Sn or Pb is used, for 
example, the device is easy to manufacture. In the case 
of NbN, Nb3Ge or Nb3Sn, the device can be used at a 
relatively high temperature, i.e. at a temperature of 10 
K or more, because it exhibits a high superconducting 
transition temperature. When a Pb-Au-In alloy is used, 
the device has high reliability. 
Any normal metal, any superconducting metal or any 

semiconductor may be used as the third electrode 4. 
When a normal metal such as Al, Au or Ag is used, for 
example, the device is easy to manufacture. Use of the 
superconducting metals Nb, Sn or Pb has an advantage 
in that the device can easily be manufactured, whereas 
use of the superconducting metals NbN, Nb3Ge or 
Nb3Sn brings about a merit that the device can be used 
at a relatively high temperature (more than 10 K), and 
use of the superconducting metal Pb-Au-In alloy has a 
merit that the device has high reliability. Further, use of 
the semiconductors Si, Ge, GaAs, InP, InAs or InSb 
makes the device easy to manufacture. The semicon 
ductor is desired to have resistivity in the range of from 
5X10-30-cm to 1x100-cm at room temperature 
because it does not lose its conductivity at the cryogenic 
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temperature at which the device functions. When a 
semiconductor is used as the third electrode, as de 
scribed above, the Schottky barrier of the junction 
serves as an insulating film and, therefore, the insulating 
barrier 5 may be omitted. The insulating barrier 5 may 
be formed of an insulator such as aluminum oxide, nio 
bium oxide, tin oxide, lead oxide, etc. or of a semicon 
ductor different from the semiconductor of which the 
third electrode 4 is made. The semiconductor used as 
the insulating barrier has resistivity of more than 
1X 10.2-cm at room temperature and amorphous Si 
or amorphous Ge is advantageously used in manufac 
turing the semiconductor. 
Where normal metals or superconducting metals are 

used as the third electrode, integration of the devices is 
easy because such metals can easily be attached to the 
Josephson junction element. Since the superconductors 
have no resistance, the input resistance of the device is 
precisely determined in accordance with the tunnel 
resistance of the insulating barrier 9. 
Where semiconductors are used as the third elec 

trode, the Schottky barrier in the junction serves as the 
insulating barrier and, therefore, no insulating material 
is required and the process for manufacturing the device 
is simplified. Further, since a semiconductor wafer sub 
strate is advantageously utilized as part of the Joseph 
son junction element, integration of the devices is easy. 
Now, the manners in which the third electrode for 

injection of quasiparticles is attached to the Josephson 
junction element in its various possible constructions to 
realize the quasiparticle injection control type super 
conducting devices contemplated by this invention will 
be described. Particularly, typical embodiments of the 
invention will be described with reference to the sche 
matic structural diagrams of FIGS. 3-5. 
FIG.3 represents a various modification of the first 

embodiment of the basic construction in which the third 
electrode 4 for the injection of quasiparticles is attached 
to the weak link part of the superconductors. FIG.3(A) 
represents a modification in which the weak link part 3 
of the Josephson junction element 1 is made in a sand 
wiched pattern of a normal metal, a semiconductor, a 
normal semimetal or a superconducting metal having a 
lower superconducting critical temperature than the 
two superconductors 2 disposed one on either side of 
the link part 3. In this modification, the weak link part 
is 0.03-3.0 pum in length "l' and examples of the normal 
metals used as the weak link part include Al, Au and 
Ag, those of the semiconductors used for the same pur 
pose include Si and Ge and those of the normal semi 
metals for the same purpose include Te. 
FIG. 3(B) represents a modification of the device in 

which the weak link part 3 of the Josephson junction 
element is formed by utilizing the proximity effect of 
direct contact thereof with a normal metal piece 9. The 
length "l' of the weak link in this modification is 
0.03-3.0 pum and is determined in accordance with the 
width of the normal metal piece 9. Examples of the 
normal metals used as the piece 9 include Al, Au and 
Ag. 

FIG. 3(C) represents a modification of the device in 
which the weak link part 3 of the Josephson junction 
element 1 is formed by driving impurity atoms by the 
ion-implantation technique into a middle portion of the 
layer of a superconducting metal thereby dividing the 
layer into two superconductors interposed by the resul 
tant weak link portion. In this modification, the length 
“I” of the weak link part is 0.03-3.0 um and the resistiv 
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6 
ity of the Josephsonjunction element under application 
of voltage can suitably be selected by the ion quantity of 
the impurity atoms implanted. For example, Art is 
advantageously used as ion of the impurity atom im 
planted. 

FIG. 3(D) represents a modification of the device in 
which the Josephson junction element 1 is formed by 
connecting the two superconductors laterally through 
the medium of a microbridge type junction (with the 
weak link part 3 serving as the bridge portion). The 
weak link part in this modification is 0.02-2.0 um both 
in length "l' and in width “w”. 
And FIG. 3(E) represents a modification of the de 

vice in which the weak link part 3 of the Josephson 
junction element 1 is formed by giving to the weak link 
part 3 a layer thickness smaller than the thickness of the 
superconductors 2. In this modification, the weak link 
part has a length “1” of 0.02-2.0 um and a thickness “ds' 
one third to one twentieth of the thickness of the super 
conductors. 

In the modifications shown in FIG. 3(A) through 
FIG. 3(E), the superconductors 2 have thicknesses "d' 
and "d2" respectively of 0.02-2 um; the third electrode 
4, when it is made of a normal metal or superconducting 
metal, has a thickness "d4' of 0.02-2 um and, when it is 
made of a semiconductor, has a thickness 'd' of 2-400 
um because a semiconductor wafer may be adopted; 
and the insulating barrier, when it is made of an insula 
tor, has a thickness of 20-100A and, when it is made of 
a semiconductor different from that used as the third 
electrode 4, has a thickness of 100-1000 A. 

FIG. 4 represents various modifications of the second 
embodiment of the basic construction in which the third 
electrode 4 for the injection of quasiparticles is attached 
to only one of the pair of superconductors. FIG. 4(A) 
represents a modification of the device in which the 
Josephson junction element 1 uses a weak link part 3 
made of an insulating film and is sandwiched between 
the two superconductors 2. The weak link part in this 
modification has a length "l' of 20-100 A. 

FIG. 4(B) represents a modification of the device in 
which the weak link part 3 of the Josephson junction 
element is made of a normal metal, a semiconductor or 
a superconducting metal having a lower superconduc 
ting critical temperature than the two externally adjoin 
ing superconductors 2 and is sandwiched between the 
two superconductors. In this modification, the length 
"l" of the weak link part is 0.03-3.0 um and the same 
elements as those used in the modification shown in 
FIG. 3(A) may be adopted as the weak link part. 
FIG. 4(C) represents a modification of the device in 

which the Josephson junction element 1 is formed by a 
point contact type junction, which point contact junc 
tion serves as the weak link part 3. The rod-shaped 
superconductor in this modification has a diameter in 
the range of 50-100 um and has an area in contact with 
the weak link part falling in the range of 10-11-10-8 
cm2. 

FIG. 4(D) represents a modification of the device in 
which the Josephson junction element 1 is formed by 
connecting the two superconductors longitudinally 
through the medium of a microbridge type junction. In 
this modification, the insulator 10 has a thickness of 
0.02-2.0 um and a bore formed in the insulator has a 
diameter of 0.02-2.0 um and serves as the weak link 
part, and the length of the weak link part can be made 
relatively small because it is determined in accordance 
with the thickness of the insulator 10. 
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The thickness of the superconductors, that of the 
third electrode and that of the insulating barrier shown 
in the embodiments of FIG. 4 are the same as those 
shown in the embodiments of FIG. 3. 
FIG. 5 represents various modifications of the third 

embodiment of the basic construction in which the third 
electrode 4 for the injection of quasiparticles is attached 
to both the pair of superconductors 2 and weak link part 
3. FIG. 5(A) represents a modification of the device in 
which the weak link part 3 of the Josephson junction 
element 1 is formed to make use of the proximity effect 
due to the direct contact of the link part 3 with a normal 
metal piece 9. The length "l' of the weak link part in 
this modification is 0.03-3.0 um and is determined in 
accordance with the width of the normal metal piece 9. 
Examples of the normal metals used as the piece 9 in 
clude Al, Au and Ag. 

FIG. 5(B) represents a modification of the device in 
which the weak link part 3 of the Josephson junction 
element 1 is formed by driving impurity atoms by the 
ion-implantation technique into a middle portion of the 
layer of a superconducting metal thereby dividing the 
layer into two superconductors interposed by the resul 
tant weak link portion. In this modification, the length 
“I” of the weak link part is 0.03-3.0 um and the resistiv 
ity of the Josephson junction element under application 
of voltage can suitably be selected by the ion quantity of 
the impurity atoms implanted. For example, Art is 
advantageously used as ion of the impurity atom im 
planted. 
FIG. 5(C) represents a modification of the device in 

which the Josephson junction element 1 is formed by 
connecting the two superconductors laterally through 
the medium of a microbridge type junction (with the 
weak link part 3 serving as the bridge portion). The 
weak link part in this modification is 0.02-2.0 um both 
in length "l' and in width “w”. 
FIG. 5(D) represents a modification of the device in 

which the weak link part 3 of the Josephson junction 
element 1 is formed by giving to the weak link part 3 a 
layer thickness smaller than the thickness of the super 
conductors 2 of the junction element. In this modifica 
tion, the weak link part has a length “1” of 0.02-2.0 um 
and a thickness "ds' one third to one twentieth of the 
thickness of the superconductors. 
And FIG. 5(E) represents a modification of the de 

vice in which the Josephson junction element 1 is 
formed by allowing the two superconducting layer 
electrodes sandwiching one insulating layer 10 to be 
vertically joined to each other through the medium of a 
semiconductor, a normal metal, a normal semimetal or a 
superconducting metal having a lower superconducting 
critical temperature than the superconductors. In this 
modification, the thickness of the insulator 10 is 0.02-2.0 
um and the length of the weak link part 3 is substan 
tially the same as the thickness of the insulator. 
The thickness of the superconductors, that of the 

third electrode and that of the insulating barrier shown 
in the modifications of FIG. 5(A) through FIG. 5(E) are 
the same as those shown in the modifications of FIG. 3. 

Besides the modifications illustrated above with ref 
erence to the diagrams, other modifications of the sec 
ond embodiment of the basic construction of the present 
invention may be materialized by attaching the third 
electrode 4 for the injection of quasiparticles through 
the medium of an insulating barrier to one of the pair of 
superconductors in the various known Josephson junc 
tion elements illustrated in FIGS. 3(B) through 3(E) and 
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8 
FIG. 5(E). And other modifications of the third em 
bodiment of the basic construction of the present inven 
tion may be obtained by attaching the third electrode 4 
for the injection of quasiparticles to the two supercon 
ductors and the interposed weak link part in the various 
known Josephson junction elements 1 illustrated in 
FIG. 3(A) and FIG. 4(B). 

Modifications of the fourth embodiment of the basic 
construction of FIG. 1(D) are materialized by attaching 
the third electrode for the injection of quasiparticles 
through medium of an insulating barrier to one of the 
two superconductors and the weak link part in the vari 
ous known Josephson junction elements 1 illustrated in 
FIGS. 3, 4, and 5. 

Similarly, modifications of the fifth embodiment of 
the basic construction of FIG. 1(E) are materialized by 
attaching the third electrode for the injection of quasi 
particles through the medium of an insulating barrier to 
both of the two superconductors and the weak link part 
in the various known Josephson junction elements 1 
illustrated in FIGS. 3, 4, and 5. 
Now, the operation, principle, and function of the 

superconducting device of the present invention as 
applied to a switching circuit will be described with 
reference to the diagram and the graphs of FIGS. 6-8. 
With respect to the device taken independently, 

when a voltage of Viis applied to the electrode terminal 
8, the relation between the current flowing in through 
the terminal 8 and the applied voltage V is as indicated 
by the graph of FIG. 7. Although the present device 
operates irrespectively of the polarity of the applied 
voltage V, the operation of the circuit of FIG. 6 will be 
described on the assumption that the applied voltage is 
in positive state for the simplicity of explanation. 
When the applied voltage V is 0 (the state indicated 

by “a” in FIG. 7), the relation between the voltage and 
the current in the Josephson junction is shown by 
curves in FIG. 8. Here, FIG. 8(A) represents the char 
acteristics which do not reflect the effect of hysteresis in 
the relation between the voltage and the current in the 
Josephson junction. These characteristics are typically 
observed as when the Josephson junction is in the mi 
crobridge form as illustrated in FIG. 3(C). FIG. 8(B) 
represents the characteristics which reflect the effect of 
hysteresis in the relation between the voltage and the 
current in the Josephsonjunction. These characteristics 
are typically observed as when the Josephson junction 
is in the form sandwiching an insulating layer as shown 
in FIG. 4(A). In FIG. 8(A), when the current value is 
increased from zero (the original point) in the positive 
direction, the device is kept in a superconductive state 
until the current value reaches the value Ica and, there 
fore, no voltage occurs between the terminals 6 and 7. 
When the current value exceeds Ica, voltage occurs and 
by further increasing the current value, the current 
voltage relation is represented by the curve “E” in FIG. 
8(A) between the terminals 6 and 7. By decreasing the 
increased current, the relation between the current and 
the voltage pursues the curve"E' and reaches the origi 
nal point. In FIG. 8(B), when the current value is in 
creased from zero in the positive direction, the device is 
kept in a superconductive state until the current value 
reaches the value Ica and, therefore, no voltage occurs 
between the terminals 6 and 7. As soon as the current 
value exceeds the Ica, voltage (point “e') occurs sud 
denly and, when the current is further increased, the 
voltage is increased as shown by the curve "G" in FIG. 
8(B). By decreasing the increased current, the relation 
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between the current and the voltage pursues the curve 
“G”, passes the points "e”, “f” and "d' successively and 
reaches the original point. 
With reference to FIG. 6, as the applied voltage V 

gradually gains in magnitude, the quasiparticles are 
injected into the weak link part in the first embodiment 
of the basic construction, into one of the two supercon 
ductors in the second embodiment of the basic construc 
tion, into both of the two superconductors and the weak 
link part in the third embodiment of the basic construc 
tion, into one of the two superconductors and the weak 
link part in the fourth embodiment of the basic con 
struction, and into the two superconductors in the fifth 
embodiment of the basic construction, with the result 
that the degree of linkage of the Josephson junction is 
weakened. When the applied voltage Viis in the state of 
"b' in FIG. 7, the voltage-current characteristic be 
tween the Josephsonjunction terminals 6, 7 of FIG. 6 is 
shown by curves in FIG. 8. To be specific, when the 
current value is increased from zero (the original point) 
in the positive direction in FIG. 8(A), the device is kept 
in a superconductive state until the current reaches the 
value Icband, by further increasing the current value, 
the current and the voltage are increased to have their 
relation shown by the curve “F”. By decreasing the 
increased current, the current-voltage relation pursues 
the curve 'F' and reaches the original point. When the 
current value is increased from the original point in the 
positive direction in FIG. 8(B), the device is kept in a 
superconductive state until the current reaches Icband, 
by further increasing the current value, the current 
voltage relation is shown by the curve"G'. By decreas 
ing the increased current, the current-voltage relation 
pursues the curve "G", passes the points "e”, “f” and 
"d” and reaches the original point. Since the relation 
Icb (Icaholds, the voltage in the Josephsonjunction of 
FIG. 6 becomes 0 (the point 'c' in FIG. 8) when the 
bias current IB in the circuit of FIG. 6 is selected in the 
range between Ica and Icb and the state "a' of FIG. 7 
is assumed in the first place. When the applied voltage 
Viis varied so as to change this state to the state "b" of 
FIG. 7, since the bias current IB becomes greater than 
the critical current Icb existing at this time, the point of 
operation is shifted along the load curve “H” to the 
point "d", with the result that a voltage corresponding 
to the point “d' of FIG. 8 is produced in the Josephson 
junction. This means that desired controlling of the 
Josephsonjunction voltage and desired switching of the 
junction can be accomplished by applying a voltage to 
the electrode 4 for the injection of quasiparticles. 
The present invention will be further described with 

reference to FIGS. 9-11 wherein the superconducting 
device is applied to an amplifying circuit. 
When power sources I1 and IB and a resistor RL are 

connected in parallel to the device as illustrated in FIG. 
9, the device is in the state represented by the point "A" 
of the static characteristic curve shown in FIG. 10. By 
applying an alternating current (having a peak-to-peak 
value of 2is) as shown in FIG. 11(A) to the third electrode 4 from an AC 
source i4C, at this time, the current flowing through the 
Josephsonjunction vibrates between the points "B' and 
"C" in FIG. 10. Since this current has a higher ampli 
tude than that of the applied current, the AC output 
flowing through the resistor RL has an amplitude ampli 
fied as shown in FIG. 11(B). The device of this inven 
tion, when applied to the amplifying circuit as described 
above, is characterized in that due to the operation 
under cryogenic temperatures and the small bias volt 
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10 
age of limV at most, only very small noise occurs and for 
this reason even a very weak electric signal can be 
amplified. 
The device of this invention is manufactured by uti 

lizing the known techniques for manufacturing Joseph 
son junction elements or integrated circuits. To be spe 
cific, superconductors are deposited on a substrate by 
the sputter evaporation method, electron-beam evapo 
ration method or resistance-heating evaporation 
method. A third electrode made of a normal metal or 
superconducting metal is attached to the Josephson 
junction element by the aforementioned evaporation 
method. Where a semiconductor is used as the third 
electrode, a semiconductor wafer can be utilized with 
out any modification. The positional determination of 
the third electrode relative to the Josephson junction 
element is effected by utilization of an electron-beam 
lithographic technique or photolithographic technique. 
An insulating barrier made of an insulator is formed by 
the plasma oxidation or ion-beam oxidation technique. 
Where a semiconductor different from the semiconduc 
tor of which the third electrode is made, it is formed by 
the aforementioned evaporation method. 
A method for the manufacture of the device of FIG. 

3(E), wherein a normal metal is used as the third elec 
trode and an insulator as the insulating barrier, will be 
described concretely. 
On an insulated substrate, aluminum (a normal metal) 

is deposited to have a thickness of 0.1-1 um by an evap 
oration method. SiO as an insulator is deposited on the 
aluminum layer formed on the substrate by the evapora 
tion method so that it has a thickness of about 0.1 um. 
Thereafter, the SiO layer is removed so as to expose the 
aluminum layer by 0.1-0.5 um in width over the entire 
length thereof and an aluminum oxide layer having a 
thickness of 20-100 A and serving as the insulating 
barrier is formed on the exposed aluminum layer. 

Subsequently, Nb (a superconducting metal) is depos 
ited on the entire surface comprising the SiO layer and 
the aluminum oxide layer so as to have a thickness of 
0.1-0.2 um by the evaporation method and a resist is 
applied onto the Nb layer thus formed. The resist ap 
plied onto the part of the Nb layer disposed on the 
aluminum oxide layer is removed by the electron-beam 
lithographic or photolithographic technique so as to 
expose the above-mentioned part of the Nb layer. The 
exposed part of the Nb layer is caused to have a thick 
ness of 200-300 A by the dry etching method such as 
the reactive ion etching method and thereafter the resist 
applied onto the remaining Nb layer disposed on the 
SiO layer is removed. 
The device manufactured by the above-mentioned 

method is shown in FIG. 12. In this Figure, the Nb 
layer 15 on the substrate 11 is divided by a groove into 
two portions which serve as the superconductors. The 
portion 16 connected to the superconductors functions 
as the weak link part to which the normal metal 12 is 
connected through the medium of the verythin, insulat 
ing barrier 14 of the aluminum oxide layer. The normal 
metal is electrically isolated from the superconductors 
by the insulator 13. 
A method for the manufacture of the device of FIG. 

5(C), wherein a semiconductor is used as the third elec 
trode and the Schottky barrier constitutes an insulating 
barrier, will be described hereinafter. 
A SiO2 layer of a thickness in the range of 1000-2000 

A is formed on the surface of a Si wafer having resistiv 
ity of ~10-30-cm at room temperature and a thickness 
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of 100-300 um by the thermal oxidation or chemical 
vapor deposition method. The SiO2 layer formed on the 
central surface of the Si wafer is removed by the photo 
lithographic technique so as to expose the Si wafer by 
3X3-5X5um2 in surface area. A resist is subsequently 
applied onto the entire surface comprising the SiO2 
layer and the exposed Si wafer. The resist thus applied 
onto the entire surface is partially removed so that the 
device to be formed finally may have an H-shaped plan 
view and, thereafter, Nb (a superconducting metal) is 
deposited by the evaporation method to have a thick 
ness of 0.05-0.5 um both on the resist removed surface 
and on the resist-applied surface. The Nb layer formed on 
the resist-applied surface is removed together with the 
resist, thereby accomplishing the device of the present 
invention. The accomplished device is shown in FIG. 13. 
In this Figure, the weak link part 19 is 0.02-2.0 um both 
in length and in width. A pair of superconductors 18 are 
disposed on the Si wafer 17 through the medium of the 
insulator 20 and connected respectively to a pair of 
superconductors 18' disposed within the angular hole. 
The superconductors 18' and the weak link part 19 
connecting these are kept at their rear surfaces in direct 
contact with the Si wafer 17. The characteristics of the 
Josephson junction are controlled by injecting quasipar 
ticles through the Si wafer into the superconductors. 
A device such as shown in FIG. 13 was prepared by 

using phosphorous-doped Si 160 um in thickness and 
0.0010-cm in resistivity as a Siwafer and setting a SiO2 
layer to have a thickness of 1500 A, a Nb layer to have 
a thickness of 500 A, a bridge portion to have a length 
of 1.0 um and a width of 1.6 um, and an angular hole to 
have an area of 3.75x3.75 um2. The static characteris 
tics of the prepared device kept at a temperature of 7.5 
Kwere measured. The results are shown in FIG. 14(A). 
In FIG. 14(A), five curves each showing the voltage 
current characteristic in the Josephson junction are 
drawn, with the current I from the third electrode 
serving as the parameter. The values of the currents I 
are as shown in the Figure. This Figure also shows the 
negative voltage-current characteristics in the Joseph 
son junction. It will be understood from this Figure that 
the superconducting critical current It in the Josephson 
junction decreases in proportion as the injection current 
If increases. This relation is shown particularly in FIG. 
14(B). FIG. 14(B) also includes the characteristics of 
the negative injection current and it proves that there 
is sufficient current gain between the input and the 
output when the device of this invention is applied to 
the switching circuit of FIG. 6 or the amplifying circuit 
of FIG. 9. 
As is evident from the description given above, the 

quasiparticle injection control type superconducting 
device of this invention comprises a Josephson junction 
element and a third electrode for the injection of quasi 
particles attached either to the superconductors making 
up the Josephsonjunction element or the link part of the 
superconductors. 
The embodiments of this invention described above 

have been directed to a superconducting device com 
prising a Josephson junction element and a third elec 
trode for injection of quasiparticles attached to the 
element. 
Attachment of a plurality of third electrodes to the 

element makes the superconducting device more func 
tional. One embodiment thereof is shown in FIG. 15(A). 
The superconducting device in this embodiment com 
prises a Josephson junction element 1 formed of a pair 
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12 
of superconductors 2 and a weak link part 3 given a 
layer thickness smaller than the thickness of the super 
conductors, three third electrodes 4, 4 and 4" for injec 
tion of quasiparticles disposed on the weak link part 
through the medium of insulating barriers 5, 5' and 5' 
and terminals 8, 8' and 8" connected respectively to the 
third electrodes. The device having the construction 
described above is much superior in function. When the 
device is applied to the switching circuit of FIG. 6, for 
example, the voltage-current characteristic in the Jo 
sephson junction can be controlled by applying voltage 
independently to the terminals 8, 8' and 8", therefore, 
the device can perform a logic AND-operation or a 
logic OR-operation. To be specific, when the Josephson 
junction element is used as a logic AND circuit, the 
element is caused to be in the voltage state by applying 
voltage to the three terminals 8, 8' and 8". And, when 
the element is used as a logic OR circuit, the element is 
caused to be in the voltage state by applying voltage to 
at least one of the terminals. 
FIG. 15(B) illustrates another embodiment of the 

superconducting device of this invention, wherein three 
third electrodes 4, 4' and 4" for injection of quasiparti 
cles are attached one each to the weak link part 3 and 
the pair of superconductors 2 through the medium of 
the insulating barriers 5, 5' and 5'. The device in this 
embodiment brings about the same function as that of 
the device of FIG. 15(A). 
The third electrodes for injection of quasiparticles 

used in the embodiments of FIGS. 15(A) and 15(B) are 
made of a normal metal, superconducting metal or semi 
conductor as in the preceding embodiments. The 
known Josephson junction elements 1 shown in FIGS. 
3-5 may be used in the embodiments of FIGS. 15(A) 
and 15(B). 
The characteristics of the device incorporating this 

third electrode are as enumerated below. 
(1) In the conventional magnetic field control type 

Josephsonjunction element, the position of the control 
line relative to the junction greatly affects the charac 
teristics and the size of the control line capable of effec 
tively generating a magnetic field falls within a limited 
range, it is not always easy to construct an integrated 
circuit of highly reliable performance by using such 
elements. Since the device of this invention effects the 
control of the characteristics of the Josephson junction 
by enabling quasiparticles to be injected through a ter 
minal joined directly to the Josephson element, the limit 
imposed on the size of the element is notably alleviated, 
the construction of an integrated circuit is made deci 
sively easy, and the reliability of performance is im 
proved. 

(2) The sensitivity of operation particularly for the 
purpose of switching is greatly improved when the 
device is constructed so that quasiparticles are injected 
into the weak link part of the Josephson junction. 

(3) The device of this invention is operable irrespec 
tively of the polarity of the input electrode and, there 
fore, promises greater freedom of circuit design. 

(4) Because the device is so constructed that the in 
jection of quasiparticles is effected through the medium 
of an insulating barrier, the device permits easy control 
of its input impedance and adds to the freedom of cir 
cuit design. 
As described above, the present invention provides a 

device so constructed that the current-voltage charac 
teristic of the Josephson junction, the superconducting 
critical current, and the junction voltage can be con 
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trolled by the quasiparticles injected into the supercon 
ductors and/or the weak link part. Thus, in addition to 
the advantage of the conventional Josephson junction 
element that the operation proceeds at a superhigh 
speed with extremely small evolution of heat and excels 
in power-saving property, the device of this invention 
enjoys an advantage that it permits high-density inte 
gration. The device suits the manufacture of integrated 
devices for logical operations and contributes in 
mensely to the growth of these integrated devices. 
What is claimed is: 
1. A quasiparticle injection control type supercon 

ducting device, comprising: 
a Josephson junction element formed of a weak link 

5 

10 

part, a first superconductor joined to one surface of 15 
said weak link part and a second superconductor 
joined to the other surface of said weak link part; 
and 

quasiparticle injecting means provided on at least a 
portion of said weak link part excluding the por 
tions thereofhaving said first and second supercon 
ductors joined thereto for injecting quasiparticles 
directly into said weak link part; 

whereby injection of quasiparticles causes the cur 
rent-voltage characteristics of said Josephson ele 
ment to be controlled. 

2. A quasiparticle injection control type supercon 
ducting device according to claim 1, further comprising 
another quasiparticle injecting means provided on said 
first superconductor. 

3. A quasiparticle injection control type supercon 
ducting device according to claim 1, further comprising 
quasiparticle injecting means provided one each on said 
first and second superconductors. 

4. A quasiparticle injection control type supercon 
ducting device according to claim 1, wherein said quasi 
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particle injecting means comprises an insulating barrier 
and an electrode coupled to said weak link part through 
said insulating barrier. 

5. A quasiparticle injection control type supercon 
ducting device according to claim 2, wherein said an 
other quasiparticle injecting means comprises an insu 
lating barrier and an electrode coupled to said first 
superconductor through said insulating barrier. 

6. A quasiparticle injection control type supercon 
ducting device according to claim 3, wherein each of 
said quasiparticle injecting means comprises an insulat 
ing barrier and an electrode coupled to the supercon 
ductor through said insulating barrier. 

7. A quasiparticle injection control type supercon 
ducting device according to claim 4, wherein said elec 
trode is made of a normal metal, superconducting metal 
or semiconductor. 

8. A quasiparticle injection control type supercon 
ducting device according to claim 5, wherein said ele 
crode is made of a normal metal, superconducting metal 
or semiconductor. 

9. A quasiparticle injection control type supercon 
ducting device according to claim 6, wherein said elec 
trode is made of a normal metal, superconducting metal 
or semiconductor. 

10. A quasiparticle injection control type supercon 
ducting device according to claim 1, wherein said quasi 
particle injecting means is a semiconductor. 

11. A quasiparticle injection control type supercon 
ducting device according to claim 2, wherein said an 
other quasiparticle injecting means is a semiconductor. 

12. A quasiparticle injecting control type supercon 
ducting device according to claim 3, wherein said quasi 
particle means are semiconductors. 


